In order to perform single-cell analysis and online studies of N-acyl homoserine lactone (AHL)-mediated communication among bacteria, components of the Vibrio fischeri quorum sensor encoded by luxR-P luxI have been fused to modified versions of gfpmut3‫ء‬ genes encoding unstable green fluorescent proteins. Bacterial strains harboring this green fluorescent sensor detected a broad spectrum of AHL molecules and were capable of sensing the presence of 5 nM N-3-oxohexanoyl-L-homoserine lactone in the surroundings. In combination with epifluorescent microscopy, the sensitivity of the sensor enabled AHL detection at the single-cell level and allowed for real-time measurements of fluctuations in AHL concentrations. This green fluorescent AHL sensor provides a state-of-the-art tool for studies of communication between the individuals present in mixed bacterial communities.
In recent years it has become apparent that bacteria coordinate their interaction and association with higher organisms by intercellular communication systems. In gram-negative bacteria, one type of communication system functions via small, diffusible N-acyl homoserine lactone (AHL) signal molecules. The signals are synthesized from precursors by a synthase protein, "I," and once they have reached a certain threshold concentration, they interact with a transcriptional activating "R" protein to induce expression of different target genes (for reviews see references 11, 13, and 43) . Such regulatory systems operate as a quorum-sensing mechanism that allows bacteria to sense and express target genes in relation to their cell density.
Several methods to detect the presence of AHL have been described. AHLs can be extracted from liquid cultures, purified to homogeneity by semipreparative high-performance liquid chromatography (HPLC), and identified by mass spectrometry and 1 H nuclear magnetic resonance (NMR) spectroscopy (10) . A number of bacterial sensor systems such as the pigment-developing Chromobacterium violaceum (30) and luxABand lacZ-based systems have been described (36, 50) . Bioluminescent sensor systems have been conveniently used in Escherichia coli and have enabled the isolation and cloning of a number of I genes (31, 41, 42) . A simple and convincing method for separation and tentative identification of AHL molecules in extracts of whole cultures has been developed; it consists of thin-layer chromatography (TLC) followed by detection of AHL molecules by means of agar overlay with sensor bacteria (36) .
Although these methods are very useful and highly sensitive, they do not allow for detection at the single-cell level or at the local environment. Furthermore, investigation of AHL expression based on population level analysis does not give information about local concentrations. A live bacterial AHL sensor that signals the presence of AHL molecules by expressing a reporter such as green fluorescent protein (GFP) can fulfil these requirements. GFP, obtained from the jellyfish Aequorea victoria, requires only trace amounts of oxygen to mature, i.e., no external compounds need to be added to organisms expressing GFP in order to detect green fluorescence (3) . Previous work has demonstrated that GFP works well as a reporter for monitoring gene expression at the single-cell level in biofilms (4, 32, 39) . Unfortunately, once formed, GFP is extremely stable (1, 47) . Consequently, the GFP version used for monitoring fluctuations in AHL concentration should possess a species-independent instability. Previously, we have constructed a number of gfp genes (derived from gfpmut3 [6] ) each of which encodes proteins with different half-lives ranging from 40 min to a few hours (1) . Briefly, this was done by manipulating the gfp gene in such a way that the resultant protein carried C-terminal peptide tags which are recognized and to various extent rapidly degraded by housekeeping/intracellular tail-specific proteases (ClpP) (1, 17, 22, 23) . In the present constructs the product of the luxR gene derived from Vibrio fischeri comprises the quorum sensor. In the presence of exogenous AHL molecules, LuxR positively affects the expression of the luxI promoter (P luxI ), which then in turn controls expression of the gfp reporter. LuxR functions in a number of different bacterial strains (10, 19, 34, 41) and is responsive to a variety of AHL molecules (35, 50) . Here we describe the construction and application of GFP-based AHL sensors.
MATERIALS AND METHODS
Bacterial strains. E. coli, Burkholderia cepacia, Serratia liquefaciens, Serratia ficaria, Pseudomonas aureofaciens, and Pseudomonas aeruginosa strains used in this study are listed in Table 1 .
Media. The basic medium used was either modified Luria-Bertani (LB) medium (2) containing 4 g of NaCl/liter instead of the normal 10 g of NaCl/liter or ABT minimal medium (AB minimal medium [5] containing 2.5 mg of thiamine/ liter).
Plasmids. The plasmids used in this study are listed in Table 1 . pJBA88 (Table  1 ) and pJBA89 (Table 1 and Fig. 1 ) were constructed as follows. PCR amplification with the primer set P1 (5Ј-CATTATTGCTTCTACAAGCTTTA-3Ј) and P2 (5Ј-ACACAGCATGCTCATAGTTAATTTCTCCTCTTTAATGGTACCT ACGTAACCAACCTCCCTT-3Ј) and with pSB403 (50) as the template produced a 0.31-kb HindIII-SphI fragment encoding the N-terminal part of the V. fischeri luxR gene (9) including the regulatory region of the lux operon and an efficient synthetic ribosome binding site (RBSII from pQE70 [Qiagen product guide, 1997, Qiagen GmbH, Hilden, Germany]). To create pJBA88, this PCR fragment was combined with a 0.71-kb EcoRI-HindIII fragment (encoding the remaining C-terminal part of luxR) from pSB403 (50) and ligated to EcoRI-SphIdigested pJBA27 (a pUC18 NotI derivative carrying gfpmut3‫ء‬ followed by two transcriptional terminators, T 0 [from phage lambda] and T 1 [from the rrnB operon of E. coli]) (1). Subsequently, pJBA89 was constructed by inserting the 0.71-kb EcoRI-HindIII fragment of pSB403 (50) and the 0.31-kb HindIII-SphI fragment of pJBA88 into EcoRI-SphI-digested pJBA113 [a pUC18 NotI derivative carrying gfp(ASV) followed by two transcriptional terminators, T 0 (from phage lambda) and T 1 (from the rrnB operon of E. coli)] (1). pJBA130 and pJBA132 (Table 1) were constructed as follows. To allow insertion of the AHL sensor cassettes of pJBA88 and pJBA89 into the polylinker of pME6031 (a kind gift from Stephan Heeb) (20) , the 5Ј overhangs of the 2.8-kb NotI fragment of pJBA88 (containing the luxR-P luxI -gfpmut3‫-ء‬T 0 -T 1 cassette), the 2.85-kb NotI fragment of pJBA89 [containing the luxR-P luxI -gfp(ASV)-T 0 -T 1 cassette], and the 8.3-kb HindIII fragment of pME6031 were filled in using the Klenow fragment of DNA polymerase I. Finally, the 2.8-kb (NotI) fragment of pJBA88 and the 2.85-kb (NotI) fragment of pJBA89 were ligated to the 8.3-kb (HindIII) fragment of pME6031 to create pJBA130 and pJBA132, respectively. DNA nucleotide sequencing. Sequencing of the 0.31-kb HindIII-SphI fragment of pJBA88, was performed with a model 373A automatic DNA sequencer (Applied Biosystems, Foster City, Calif.) on double-stranded plasmid DNA in accordance with the manufacturer's recommendations.
Macroscopic detection of AHL-producing bacteria. On an LB plate, the AHL producer S. liquefaciens MG1 (10) and the gfp(ASV)-based AHL sensor E. coli JM105 harboring pJBA89 were streaked close to each other to form a T (approximately 5 cm wide [MG1 streak] and 5 cm high [JB357 streak]). Following 20 h of incubation at 30°C, the green fluorescence phenotype of the AHL sensor streak was recorded with a charge-coupled device camera mounted on an epifluorescence microscope (Axioplan; Zeiss, Oberkochen, Germany) equipped with a 2.5ϫ lens (see "Microscopy and image analysis" below for further details).
TLC. A 250-ml volume of spent supernatants from B. cepacia cultures grown to an optical density at 600 nm (OD 600 ) of 1.0 in ABT minimal medium supplemented with 0.2% glucose was extracted twice with dichloromethane. The combined extracts were dried over anhydrous magnesium sulfate, filtered, and evaporated to dryness. Residues were dissolved in 250 l of ethyl acetate. Samples (10 l) were then applied to C 18 reversed-phase TLC plates (Merck no. 1.15389) and dried with a stream of cold air. As reference compounds, synthetic AHLs were included in the following concentrations: 5 ng of N-3-oxohexanoyl-L-homoserine lactone (OHHL), 50 ng of N-hexanoyl-L-homoserine lactone (HHL), 2.5 g of N-octanoyl-L-homoserine lactone (OHL), and 5 g of N-butyryl-L-homoserine lactone (BHL). Samples were separated by using methanol (60%, vol/vol) in water as the solvent, as described by Shaw and coworkers (36) . For detection of AHLs, the TLC plate was overlaid with a thin film of a gfp-based AHL sensor (JM105 harboring pJBA89) seeded in LB medium solidified with 0.7% agar. Following incubation for 24 at 30°C, the TLC plate was illuminated with blue light using an HQ 480/40 filter (F44-001; AF Analysentechnik, Tübingen, Germany) in combination with a halogen lamp (Intralux 5000-1; Volpi, Zurich, Switzerland) as a light source. Illumination took place in a darkbox (Unit 1, Birkeroed, Denmark) that was equipped with a light-sensitive camera (C2400-47; Table 1 ) was grown exponentially in LB medium at 30°C. At an OD 450 of approximately 0.25, both cultures were divided into six subcultures. Next, OHHL was added to the subcultures, resulting in cultures of both strains containing 0, 1, 3, 5, 10, or 100 nM OHHL. The cultures were further incubated at 30°C, culture samples were withdrawn at various time intervals, and green fluorescence was measured with a fluorometer (model RF-1501; Shimadzu, Tokyo, Japan) set at an excitation wavelength of 475 nm and emission detection at 515 nm. For each sample, the measured value of green fluorescence was normalized to 1 ml of culture and then converted into specific green fluorescence by dividing normalized values by the OD 450 of the bacterial culture. Subsequently, specific green fluorescence was plotted as a function of time in a semilogarithmic plot (see Fig.  3A ).
To compare the responsiveness of E. coli MT102 harboring pJBA132 towards BHL, HHL, OHHL, OHL, and N-3-oxododecanoyl-L-homoserine lactone (OdDHL) signal molecules, an overnight culture of this AHL monitor strain was initially diluted 4 times into fresh prewarmed (30°C) LB medium and then distributed as 200-l aliquots into the wells of a microtiter plate. Next the AHL molecules mentioned above were added to the wells to obtain cultures containing either 1,024, 512, 256, 128, 64, 32, 16, 8, 4, 2, 1, or 0 nM AHL molecules. Following 2 h of incubation at 30°C, the microtiter plate was placed on ice and samples of each culture were withdrawn for measurement of OD 450 and green fluorescence (see above). The measured values of green fluorescence were converted into specific green fluorescence as described earlier and plotted as a function of AHL concentration in a bar diagram (see Fig. 3C ).
Response of the sensor to fluctuations in OHHL concentrations. E. coli MT102 harboring either pJBA130 (expressing GFPmut3‫ء‬ in response to OHHL), pJBA132 [expressing GFP(ASV) in response to OHHL], or pME6031 (nonfluorescent control) was kept exponentially growing at 30°C throughout the entire experiment. This was achieved by diluting the cultures 5 times into fresh prewarmed medium whenever the cultures reached an OD 450 of approximately 1.5. During the first 3 h of the experiment, the three strains were grown in LB medium containing 10 nM OHHL. When the cultures reached an OD 450 of approximately 1.5 (t ϭ 180 min), the three cultures were harvested by centrifugation (10,000 ϫ g for 8 min at 4°C), washed once with ice-cold LB medium, and then resuspended into prewarmed LB medium lacking OHHL. Following 4 h of exponential growth in the absence of OHHL, OHHL was added back to the three cultures (t ϭ 420 minutes) to give a final concentration of 10 nM and the cultures were grown for additional 4.5 h. During the experiment, culture samples were withdrawn at various time points and the green fluorescence was measured using a fluorometer (see the preceding section for details). Subsequently, the measured values of green fluorescence were converted into specific green fluorescence and plotted as a function of time in a semilogarithmic plot (see Fig. 4A ).
In order to visualize the GFP(ASV) sensor's ability to respond to fluctuations in AHL concentrations, culture samples were withdrawn following 180, 420, 435, 450, and 480 min of cultivation. The green fluorescent phenotype of single cells was recorded using an epifluorescence microscope equipped with a 63ϫ lens (see "Microscopy and image analysis" below).
Swarming experiments. S. ficaria and S. liquefaciens MG44 harboring pJBA132 were inoculated either alone or mixed in a ratio of approximately 1:1 on semisolid agar plates containing ABT medium (see above) supplemented with FIG. 1. Schematic drawing of pJBA89 and the DNA nucleotide sequence of the PCR-amplified luxR-P luxI -RBSII fragment used for the construction of pJBA88, pJBA89, pJBA130, and pJBA132. Arrows indicate directions of transcription of luxR and gfp(ASV). The positions of FNR, cAMP-CRP binding sites and the lux-box sequences are indicated, and the Ϫ35 and Ϫ10 regions of the luxI promoter (P luxI ) are shown in bold letters (38) . Important restriction sites are underlined.
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CONSTRUCTION OF GFP-BASED AHL SENSORS0.4% (wt/wt) glucose, 0.4% (wt/wt) Casamino Acids, and 0.7% Bacto Agar. Following 20 h of incubation at 30°C, the resulting colonies were examined using an epifluorescence microscope equipped with a 50ϫ lens. Finally, the green fluorescent phenotypes of single cells in the respective colonies were captured as epifluorescent images (see Fig. 6 ) as described under "Microscopy and image analysis" below.
Flow chamber experiments. Surface-attached monospecies biofilms were cultivated in flow chambers (32) with channel dimensions of 1 by 4 by 40 mm. The substratum consisted of a microscope coverslip (24 mm by 50 mm; Knittel Gläser, Brunswick, Germany), and the flow chambers were supplied with a flow of 50-fold-diluted LB medium. Prior to each experiment, the flow system was assembled and prepared as described previously (32) .
In order to evaluate the responsiveness of an AHL-sensing biofilm to fluctuations in the concentration of OHHL, a flow chamber was inoculated with 350 l of an overnight culture of S. liquefaciens MG44 harboring pJBA132 [expressing GFP(ASV) in response to OHHL] diluted to an OD 450 of 0.1 in 0.9% NaCl. After inoculation, the medium flow was arrested for 1 h to allow efficient colonization of the glass surface. The medium flow was then started, and the growth medium was pumped through the flow chamber at a constant rate of 0.2 mm/s using a peristaltic pump (Watson Marlow 205S). Following 24 h of incubation at 30°C, an OHHL up-and downshift was performed on the generated biofilm. At time zero, the biofilm was shifted to medium supplemented with 5 nM OHHL, and following 90 min of induction, the biofilm was shifted back to medium lacking OHHL. Throughout the OHHL up-and downshift, images of the biofilm were captured using a scanning confocal laser microscope (see the next section for details).
Microscopy and image analysis. The green fluorescence phenotypes of colonies on semisolid surfaces, single cells in colonies on semisolid surfaces, or single cells from liquid cultures were recorded with a charge-coupled device camera mounted on an epifluorescence microscope (Zeiss Axioplan) equipped with a 2.5ϫ, 50ϫ, or 63ϫ lens, respectively. For fluorescence microscopy we used Zeiss filter set no. 10 (excitation, 470 to 490 nm; emission, 515 to 565 nm; dichroic, 510 nm) and a Zeiss HBO-100 mercury lamp. A CH250 charge-coupled device equipped with a KAF 1400 liquid-cooled chip (Photometrics, Tucson, Ariz.) was used for imaging.
All microscopic observations and image acquisitions of biofilms were performed on a scanning confocal laser microscope (TCS4D; Leica Lasertechnik, GmbH, Heidelberg, Germany) equipped with a detector and a filter set for monitoring GFP. In addition, a reflection detector for acquiring bright-field images was installed. Images were obtained with a 63ϫ/1.32 oil objective, and image scanning was carried out with the 488-nm laser line from an Ar/Kr laser. Images were processed for displaying using Photoshop software (Adobe, Mountain View, Calif.).
RESULTS
Construction of a GFP-based AHL sensor. The luxR-P luxI quorum sensor derived from V. fischeri was chosen as the molecular component governing control over expression of the GFP reporters. Others have successfully exploited this AHL regulator in combination with a bioluminescent reporter to generate pSB403, an AHL-sensing system carried on a broadhost-range plasmid (50) . Encouraged by the high sensitivity of AHL sensor strains harboring pSB403, we isolated from pSB403 a fragment containing luxR-P luxI and the adjacent region preceding the start codon of the luxCDABE operon, transcriptionally fused it to gfpmut3‫,ء‬ and introduced it into a high-copy-number plasmid. Although it was responsive to OHHL, a major problem in the design of the first version of the gfpmut3‫-ء‬based sensor system was to match the output of the AHL quorum sensor with the accumulation of GFPmut3‫ء‬ in the cells. Colonies of E. coli strains harboring the first version of the gfpmut3‫-ء‬based sensor system were observed to develop only weak green fluorescence when cultivated on LB plates supplemented with 100 nM OHHL (data not shown). To improve the sensitivity, the region including the Shine-Dalgarno (SD) sequence and translation initiation site of gfpmut3‫ء‬ was modified. By PCR amplification, the SD sequence RBSII obtained from the pQE expression vectors (Qiagen product guide) was introduced downstream of P luxI to express the gfpmut3‫ء‬ reading frame and translational stop codons were introduced in the two other reading frames (see Fig. 1 and Materials and Methods for details). This modification increased GFPmut3‫ء‬ expression severalfold, and E. coli strains harboring this luxR-P luxI -RBSII-gfpmut3‫ء‬ cassette on a highcopy-number plasmid (pJBA88, of ColE1 origin) clearly responded to the presence of AHL molecules by expressing a bright GFP signal. In the absence of exogenous AHL, basic transcription from P luxI combined with the stability of the reporter resulted in some accumulation of GFPmut3‫,ء‬ causing development of detectable green fluorescence. Consequently, discrimination between AHL-deficient strains and strains producing small amounts of AHL could not be accomplished with the pJBA88-based AHL sensor strain in AHL cross-feeding experiments (data not shown).
In order to obtain the lowest possible background signal, we constructed a transcriptional fusion between the luxR-P luxI -RBSII casette from pJBA88 and gfp(ASV), which encodes an unstable version of GFP exhibiting a half-life of approximately 45 min in exponentially growing E. coli cells (Fig. 1) . Colonies of E. coli harboring this luxR-P luxI -RBSII-gfp(ASV) cassette on a high-copy-number plasmid (pJBA89, of ColE1 origin, see Table 1 and Fig. 1 ) appeared completely dark under the epifluorescence microscope following 20 h of incubation at 30°C on LB plates (data not shown). In striking contrast, the same strain produced bright-green fluorescent colonies when cultivated under identical conditions in the presence of 1 nM OHHL. Subsequent analysis revealed that the detection limits in liquid cultures of this gfp(ASV)-based sensor were in the range of 1 nM OHHL, 10 nM HHL, 10 nM OHL, 10 nM OdDHL, and 1000 nM BHL (51) . When grown in close proximity to AHL-producing strains such as S. liquefaciens MG1 on LB plates, the sensor strain turned bright-green fluorescent, clearly demonstrating that physiological concentrations of AHLs are detectable by the sensor (Fig. 2A) . In accordance with the existence of an AHL gradient arising from the MG1 streak, sensor cells located a few millimeters from MG1 were bright-green fluorescent, whereas sensor cells located approximately 35 mm from MG1 appeared completely nonfluorescent ( Fig. 2A) . To further evaluate its usefulness in macroscopic detection of AHL molecules, the gfp(ASV)-based AHL sensor was employed for visualization of AHLs separated by means of TLC (Fig. 2B) . Samples extracted from culture supernatants of two B. cepacia strains and AHL references of known concentrations were separated by TLC. For detection of AHL, the TLC plate was subsequently overlaid with a thin film of LB agar seeded with the gfp(ASV)-based sensor. When illuminated with blue light, the TLC plate (Fig. 2B) showed that not only OHHL (the cognate autoinducer of LuxR) but also HHL and OHL could easily be detected, whereas the sensor was almost blind to BHL. By comparing the R f values of the green fluorescent spots in the extracts from the B. cepacia strains with the R f values of the known AHL references, the TLC analysis (Fig. 2B ) strongly suggested that both B. cepacia strains produced HHL in addition to the OHL determined by Lewenza and coworkers (26) .
Broad-host-range sensors. Although the sensors described above proved highly sensitive to AHLs, their applicability as reporters in vivo was limited. Due to the lack of plasmidstabilizing functions, segregational stability could be obtained only in the presence of a selective pressure and only in the narrow host range dictated by the ColE1 replicon. To circumvent this and expand the application range of the gfp-based AHL monitor systems, the AHL-responsive cassettes of pJBA88 (luxR-P luxI -RBSII-gfpmut3‫)ء‬ and pJBA89 [luxR-P luxI -RBSII-gfp(ASV)] were inserted into the polylinker of pME6031 (20) to give pJBA130 and pJBA132, respectively (Table 1) . pME6031 is a shuttle vector based on the p15A replicon and the pVS1 replicon, making it capable of replicating in most gram-negative bacteria. Unfortunately, the pVS1 replicon does not appear to belong to any known incompatibility group; however, this replicon is compatible in P. aeruginosa with plasmids of incompatibility group IncP1 (equivalent to IncP in E. coli), IncP4 (equivalent to IncQ in E. coli), IncP8, IncP10, and IncP11 (20) . In addition, pME6031 carries the stability region of pVS1, rendering the plasmid segregationally stable. To verify the host range and the stability of the resulting AHLsensing plasmids, pJBA130 and pJBA132 were electroporated into competent cells of E. coli, S. liquefaciens, P. aureofaciens, and P. aeruginosa. As expected, both plasmids were capable of replicating in the species mentioned above, and they also appeared to be 100% segregationally stable. In fact, no plasmidfree bacteria were detected in batch cultures of the respective species following cultivation for 200 generations in the absence of selective pressure (data not shown). When introduced into AHL-producing strains like S. liquefaciens MG1, P. aeruginosa PAO1, and P. aureofaciens ATCC 13985, both plasmids gave rise to bright-green fluorescent colonies following cultivation for 24 h on LB plates (data not shown). Although minor variations in fluorescence intensity were observed, the plate assay clearly demonstrated that physiological concentrations of AHLs can be detected with these broad-host-range monitors. Since an equally important feature of AHL sensors is the capability of faithful detection of AHL signal molecules, the performances of pJBA130 and pJBA132 were also investigated in AHL-deficient strains. In an identical plate assay, colonies of E. coli MT102, S. liquefaciens MG44 (swrI), and P. aeruginosa JP2 (lasI rhlI), all harboring pJBA132, were observed to be completely nonfluorescent, whereas colonies of the same strains harboring pJBA130 acquired a weak green fluorescent phenotype. As observed in the previous section, reliable AHL detection can apparently be achieved only with fusions between the quorum sensor luxR-P luxI and the unstable GF-P(ASV) variant. Consequently, further analysis was primarily performed using pJBA132-based monitor strains.
In order to estimate the response time of pJBA132-based sensor strains, we performed an AHL upshift experiment, in which different amounts of OHHL were added to early-midlog-phase subcultures. Quantitative measurements of green fluorescence revealed that the detection limit for E. coli strain MT102 harboring pJBA132 was in the range of 1 to 3 nM OHHL (Fig. 3A) . In the presence of 1 nM OHHL, accumulation of detectable amounts of GFP(ASV) could apparently not be achieved, as the measured green fluorescence never exceeded the background fluorescence. However, when the sensor strain was incubated in the presence of 3 nM OHHL a dramatic increase in measured green fluorescence was observed. The green fluorescence measured from the AHL sensor in response to either 10 nM OHHL or 100 nM OHHL was only slightly higher than the green fluorescence measured in response to 5 nM OHHL, indicating that maximal induction of the AHL sensor was achieved with approximately 10 nM OHHL. In a similar way, we found that the sensor was approximately 10-fold less sensitive to HHL, OHL, and OdDHL and at least 500-fold less sensitive to BHL (Fig. 3C) . Epifluorescence microscopy revealed that cells cultivated in the absence of OHHL remained completely nonfluorescent throughout the entire experiment. Likewise, no green fluorescent single cells of the AHL sensor strain could be detected in the culture containing 1 nM OHHL. However, in response to the addition of 3 nM OHHL, single cells of the AHL sensor strain were observed to change from nonfluorescent to bright-green fluorescent within 15 to 30 min (data not shown).
Visual response time. In nutrient downshift experiments, E. coli cells expressing GFP(ASV) were previously observed to lose green fluorescence within a few hours (1), indicating that sensors based on this GFP (ASV) protein should possess the potential of measuring fluctuations in AHL concentration. In order to determine the response time of the sensor to OHHL down-and upshifts, MT102 carrying either pJBA132 or pJBA130 was grown in LB in the presence of 10 nM OHHL. Following one wash and a shift to LB medium without OHHL, the specific GFP(ASV) signal expressed as fluorescence per OD 450 (cell density) decreased rapidly, with a half-life of approximately 20 min (Fig. 4A) . Decay of the fluorescent signal reflects protein turnover as well as dilution by growth. The GFPmut3‫ء‬ signal decreased with a half-life of approximately 40 min. Since the doubling time of the culture is approximately 40 min, this indicates that the sensor within a 30-min period after the shift becomes completely silent. This 30-min delay in response was also observed with the GFP(ASV) version and is likely a combination of turnover of activated LuxR, residual translation of mRNA encoding the GFP variants, and ongoing maturation of newly synthesized GFP polypeptides into a fluorescent conformation. Cellular OHHL is freely diffusible over the E. coli membranes and is expected to be washed out of the cells within a few minutes (21) . Within 3 h after the downshift, the specific fluorescent signal intensity of the culture containing the GFP(ASV) version was reduced approximately 100-fold compared to 10-fold for the stable GFP version. This suggests that the activity of the ClpP protease during the 180 min of the downshift period accounted for a roughly 10-fold reduction and that another 10-fold reduction was due to dilution caused by bacterial growth. Upon addition of 10 nM OHHL, the signal doubled every 8 min and reached the signal intensity of the GFPmut3‫ء‬ sensor within 2 h.
In fact, green fluorescent cells could easily be detected by an epifluorescence microscope as early as 15 min after the addition of OHHL. Under the microscope, the cells appeared fully induced after 30 min, indicating that the "visual response time" of the AHL sensor strains is in the range of 15 to 30 min (Fig.  4B) . This demonstrated that the sensor is a fast and highly sensitive upshift responder but a relative slow downshift responder. In nature bacteria predominantly grow attached to surfaces in biofilm structures. Recently, it has been demonstrated that the level of synthesis of curli in classical laboratory E. coli K-12 strains is insufficient to enable adherence to inert surfaces (49) , rendering strains like MT102 unable to establish a biofilm on a glass surface. So in order to test the visual response time of a GFP(ASV)-based AHL sensor strain growing attached to a surface, we equipped S. liquefaciens MG44 with pJBA132. The swrI mutant MG44 is AHL negative because the signal-generating part of the quorum sensor has been knocked out (10, 11) . We were able to grow this Serratia AHL sensor as a thin biofilm on the glass surfaces of a flow cell. Inspection of the cells by means of scanning confocal laser microscopy (SCLM) allowed us to follow the response to exogenous OHHL online at the single-cell level. As can be seen in Fig. 5 , the single cells appeared completely dark at time zero; however, when OHHL was fed into the flow chamber via the medium supply, the single cells turned bright-green fluorescent within 15 min. After that time, only minor increases in green fluorescence were obtained during the following 75 min. At 90 min, the medium supply was shifted back to an OHHLfree stock. As seen in Fig. 5 , the signal intensity dropped to the level before induction during the following 4 h. Since, no plasmid-free cells of MG44 were ever detected from the effluent of the flow cell, these observations clearly demonstrate that GFP(ASV) is also turned over in surface-attached cells. Like the E. coli sensor, the Serratia sensor was also a fast and highly sensitive upshift responder but a relatively slow downshift responder. Taken together, these up-and downshift experiments clearly demonstrated that AHL sensor strains based on pJBA132 are capable of responding to fluctuations in AHL concentrations and allow online studies of AHL-mediated communication at the single-cell level.
Interspecies communication. AHL-mediated interspecies communication can be monitored online in a binary swarming colony. In S. liquefaciens the ability to move over semisoft surfaces by means of swarming motility is controlled by two major regulatory systems encoded by flhDC and swrI (16) . The products of flhDC control swarm cell differentiation, whereas the putative swrI-and swrR-encoded quorum sensor controls production of the biosurfactant serrawettin W2 (27) . These systems can be disconnected in individual cells by means of mutations in the key regulatory genes (11) . In a swrI mutant, the signal generation has been knocked out and the strain is therefore unable to synthesize the surfactant W2 (27) . The nonswarming S. ficaria does not produce a biosurfactant, but it produces OHHL signal molecules. A swarming culture can therefore be formed from a mixture of S. ficaria and S. liquefaciens MG44 (swrI). When the MG44 strain harbors pJBA132, signal molecules originating from S. ficaria could be monitored in situ by combined phase-contrast and epifluorescence microscopy (Fig. 6) . The appearance of bright-green swrI cells harboring the AHL sensor system is indicative of interspecies communication (Fig. 6 ). This indicates that AHL signals originating from the AHL producers triggered surfactant synthesis in the population of swrI cells. The production of serrawettin creates a liquid interface layer in which the flow caused by the vigorous movement of the rafted swrI cells distributes both types of cells to the periphery of the expanding colony. Similarly, swarming colonies have been formed among more distantly related species such as P. aeruginosa PAO1 and the swrI mutant (11).
DISCUSSION
Communication systems based on AHLs have been described in a number of pathogenic gram-negative bacteria causing such diverse problems as food poisoning and infection of the human lungs. In most known cases these quorum-sens- ing systems control expression of virulence factors and hydrolytic enzymes (12, 44) . In addition, there is growing evidence that the ability to form surface-associated, structured, and cooperative consortia (referred to as biofilms) may also be quorum sensing controlled (7, 8, 11) . These properties all play a significant role in bacterial pathogenesis and are a common cause of persistent infections. In favor of this is the finding that communication-deficient strains are less pathogenic. This is true for Erwinia caratovora and Erwinia stewartii causing soft rot (34), as well as for the opportunistic human pathogen P. aeruginosa, which infects the lungs of cystic fibrosis patients (45) . The latter communication-deficient variant has a decreased ability to bind host epithelial cells and is significantly impaired in virulence when tested in a mouse infection model. Furthermore, quorum-sensing systems have been identified in some of the most important fish-pathogenic bacteria, Vibrio anguillarum and Aeromonas salmonicida (31, 42) . The ability to monitor bacterial communication at the single-cell level in situ CONSTRUCTION OF GFP-BASED AHL SENSORSenables investigation of cell-to-cell communication, intercellular signal transduction, and quorum sensing, and it gives us a tremendous potential for studying the efficiency of molecules that inhibit communication systems in biofilm systems and in other complex scenarios. The present highly sensitive GFPbased AHL monitor is a prototype of such a system. The sensitivity of the sensor was clearly influenced by plasmid copy number, promoter strength, translational signals, and turnover of the GFP reporter. All these factors have been optimized in the present constructs to match the sensitivity of current epifluorescent microscopes and SCLM, which then in turn allow for visual inspection of AHL-based cell-cell communication at the single-cell level.
A sensor in which the fluorescent signal intensity decays faster would have been preferred. Such constructs have been achieved by fusing more unstable versions of gfp to the quorum sensor, but unfortunately they turned out to be less sensitive. The reason is that a much higher synthesis rate is required to accumulate visualizable amounts of GFP, or, alternatively, detection would require more-sensitive microscopes. The present system [based on gfp(ASV)] fits the sensitivity of the state-ofthe-art epimicroscopes and was designed to respond rapidly to increases in AHL concentrations in the lower nanomolar range. The use of broad-host-range, stabilized vectors expanded the system's application capability and proved to be useful for online and in vivo studies. The system was found to work well in P. aeruginosa PAO1 and its signal-generating null mutants, although the system was approximately 10-fold less sensitive to OHHL (data not shown). We have been able to detect communication among several gram-negative bacteria such as S. liquefaciens, S. ficaria, P. aeruginosa, P. aureofaciens, and E. coli. The system was recently used successfully in the lungs of animals (51). We were able to demonstrate that the infecting P. aeruginosa produced extracellular AHL molecules throughout a 3-day period. The broad-host-range, stabilized pJB130 and pJB132 constructs used in this study were perfectly stable without antibiotic selection. The utilization of the AHL sensor in biofilms is appealing because there are indications that AHL communication signals play a role in structuring and developing microbial communities in biofilms. For P. aeruginosa it has been demonstrated that the ability to form biofilms in flowthrough continuous-culture vessels is affected by the las but not the rhl quorum-sensing system (8) , and it is speculated that the process of lung infection in cystic fibrosis patients may result in part from quorum-sensing control of virulence factors (33, 48) . This supports the view of Tang et al. (45) that quorum sensing plays a critical role in the virulence of the organism. In addition, Telford et al. (46) demonstrated that the bacterial signal molecules not only function to regulate bacterial virulence gene expression through cell-cell communication but also, by virtue of immunomodulatory properties, may be a virulence determinant per se. It has also been demonstrated that P. aeruginosa biofilms on indwelling urethal catheters produce quorum-sensing signal molecules not only in vitro but also in situ (40) . Food spoilage and expression of virulence factors by food-borne pathogens are microbial processes that are likely to be controlled by quorum-sensing mechanisms. Understanding of the role of quorum sensing-controlled gene expression in food spoilage bacteria is limited, and tools that enable in vivo studies of cell communication will expand our knowledge and understanding. It has been shown that AHL production is a common phenomenon in some types of gramnegative bacteria (Enterobacteriaceae) associated with food spoilage (18) . Several gram-negative food-borne pathogenic bacteria (Aeromonas hydrophila, Vibrio parahaemolyticus) regulate virulence factors or other phenotypic behaviors by AHLs (29, 42, 44) .
The multitude of bacteria that regulate expression of virulence and colonization-relevant traits by means of quorumsensing systems suggests that efficient inhibitors of quorum sensors will have tremendous potential. Furanone compounds produced by the red algae Delisea pulchra are examples of naturally occurring inhibitors of quorum-sensing-controlled process (15, 24, 28) . In the process of design and further modification of inhibitors, we might select compounds that function well in planktonic cells but less efficiently on the quorum sensors present in biofilm cells. For that reason analysis of the efficiency of quorum-sensing inhibitor compounds must be extended to include biofilm structures and in vivo studies. By means of the present sensor, the in vivo functionality of inhibitors can be addressed as expression of green fluorescence. Use of the GFP-based single-cell technology in combination with confocal microscopy will enable us to determine the penetration and half-life of inhibitory compounds in biofilm model systems and to assess the functionality of such compounds in animal model systems. Work on this is currently in progress in our laboratory.
